Tool wear state classification has good potential to play a critical role in ensuring the dimensional accuracy of the work piece and prevention of damage to cutting tool in machining process. During machining process, tool wear is an important factor which contributes to the variation of spindle motor current, speed, feed and depth of cut. In the present work, on-line tool wear state detecting method with spindle motor current in turning operation for Al/SiC composite material is presented. By analyzing the effects of tool wear as well as the cutting parameters on the current signal, the models on the relationship between the current signals and the cutting parameters are established with partial design taken from experimental data and regression analysis. The fuzzy classification method is used to classify the tool wear states so as to facilitate defective tool replacement at the proper time.
Introduction
The development of an effective means to monitor the wear condition of cutting tools is one of the most important issues in the automation of the cutting process [1] . The consequences of non detection of tool failure may result in a poor quality of product and damage to the work piece or machine [2] [3] [4] . Many researchers have looked for ways to detect tool wear states. A large variety of sensors can be used for tool condition sensing. But only a few are reliable and effective. Direct measurement of tool wear using optical methods can be applied only when the tool is not in contact with the workpiece [5] .
Indirect methods that rely on the relationship between tool states and measured signals to estimate the tool wear states have been extensively studied. Among the used sensors for monitoring tool condition, motor current sensing constitutes a major method (X. L. Li and S. K. Tso, [6] and Mannan et al., [7] described the feasibility of motor power and motor current sensing for adaptive control and tool condition monitoring. Mannan and Nilsson [8] presented a method using motor current measured from the spindle motor and feed motor to estimate the static torque and thrust in drilling and then to monitor the tool condition. The major advantage of using the measurement of motor current to detect any malfunction in the cutting process is that the measuring apparatus does not disturb the machining process. Moreover it can be applied in the manufacturing environment at almost no extra cost [9] .
Most of the indirect approaches have been developed for fixed cutting conditions. In practical applications, however the cutting conditions are not fixed. The spindle speed and feed rate might change according to control strategies. Therefore wear estimation strategy that operates under varying cutting conditions is much needed [10] . A successful monitoring system can effectively maintain machine tools, cutting tool and work piece. Research to date has shown that there are four parameters including cutting force, acoustic emission, motor current and vibration, which could be used to monitor tool, wear condition during turning operation.
Regression is a statistical tool used to find relationship between variables for the purpose of predicting future values. Regression and correlation are introduced as techniques for describing and summarizing data consisting of observation on a dependent or response variable Y and one or more independent variables. The coefficient of determination R 2 describes what proportion of total variation in observed Y values can be contributed to this relation [11] . It is very important to develop a reliable and inexpensive intelligent monitoring system for use in cutting processes. A successful monitoring system can effectively maintain machine tools, cutting tools and workpiece [12] . Artificial Neural Network (ANN) can approximate continuous nonlinear functions well, and it is based on the mathematical principles and models of biological neurons and the nervous system. ANN has recently been applied to tool wear monitoring by some researchers. Q. Liu and Y. Altintas [13] have designed Multi-layer feed-forward neural network using force ratio, cutting speed and feed as input variables and flank wear as output response in turning operation. Y. X. Yao et al., [14] have proposed a new method for tool wear detection with different cutting conditions and detected signals which includes the model of wavelet fuzzy neural network with acoustic emission (AE) and the model of fuzzy classification with motor current.
In the present study, the current of the spindle motor is used to estimate the flank wear state. The current depends on the cutting parameters viz, the spindle speed (v), the feed rate (f), and depth of cut (d), as well as its wear (V b ). This paper implements a method for on-line estimation of flank wear from the currents measured using regression technology and a fuzzy classification method over a wide range of cutting conditions. The essence of the method is to establish a simple model relating the measured current value and the flank wear state under different cutting conditions. Based on the model, the tool wear states can then be estimated from the knowledge of the cutting parameters and the motor current signal. According to the tool wear states obtained, the decision about tool replacement can be made.
Experimentation on Metal Cutting Process
The essence of the method is to establish a simple model relating the measured current value and the flank wear state under different cutting conditions. Experiments are carried out in a Computer Numerical Control (CNC) lathe using K10 cemented carbide tool. The work piece material used for the experiment is LM25 Al (Aluminium)/10% SiC p (Silicon Carbide) particulate reinforced composite material prepared through stir casting. The cutting conditions used for experimentation are listed in Table 1 .
Cutting tests are performed on a (CNC) Lathe driven by Permanent Magnet Direct Current (PMDC) motor. A PMDC motor is similar to an ordinary DC shunt motor except that its field is provided by permanent magnet instead of salient pole wound field structure. In such motors torque is produced by interaction between the axial current carrying conductors and the magnetic flux produced by the permanent magnets. The DC motor current of the lathe is measured. A personal computer is interfaced with the turning lathe. The cutting conditions are provided as data to the computer and the cutting operation is performed automatically. Experiments are conducted for various sets of cutting conditions that include spindle speed, feed rate and depth of cut. For each set of cutting conditions, machining is done starting with a fresh tool inserted continuing until the tool worn out A total of 56 tool wear cutting tests are conducted under different cutting conditions, 35 sample data are randomly selected and used as learning samples as shown in Table 2 .
The remaining 21 samples are used as the test samples in the classification phase as illustrated in Table 3 .
Prediction of Flank Wear Using Regression Analysis and Fuzzy Classification
Regression analysis is a statistical forecasting model that is concerned with describing and evaluating the relationship between a given variable usually called dependent variable and one or more other variables known as the independent variables. In the present work, a regression method is used to determine the model for the spindle motor current as a function of the spindle speed v (rpm), feed rate f (mm/rev) and depth of cut d (mm) 
where I is the current and K 0 depends on the tool geometry and work piece material. Taking the logarithmic value of I for differ rent tool wear values, the spindle motor current S i where denotes the respective wear values and are given by 1, , The actual models derived from the experimental data become 
where R 2 is the correlation coefficient obtained in the regression analysis. It is observed that the cor coefficients are very close to unity, and the relationship with almost linear relationship. Fi 
between the current signals and the cutting parameters is reasonably well represented by the proposed models for different tool wear states. Figure 4 shows the effect of depth of cut on the current signals. It is found that current signal increases as the depth of cut increases, gure 5 shows the effect of the feed rate on the current signal. Current signal increases as the feed rate increases. The reason for the condition is complex and is discussed by Shaw [15] . Figure 6 shows the main effect of the spindle speed on the current signal. It is found that current signals increases with quadratic relation as the speed in increases. Figure 7 shows the effect of tool wear on the current signals. Spindle motor current increases ex- ponentially as tool wear increase with an almost incremental relationship. It is found that the tool wear has more significant effect on the spindle motor current. Based on above studies, it is seen that the tool wear, spindle speed, feed rate, dept of cut and current signals are related. The spindle motor current can be selected as a function of wear states in turning, taking into account the cutting parameters. It has been recognized widely that the tool life can be divided into three phases characterized by three different wear processes, 1) break in, 2) normal wear and 3) abnormal or catastrophic wear. The sudden rise in the wear rate observed during the abnormal tool wear phase is of interest here as an indication of the need for tool placeme ear, the tool wear curve usually fluctuates and is not smooth. The the tool wear state as in Table 3 . T rent. Because many factors affect tool w current signal models for the different wear states (flank wear = 0.3 0.9  mm) are established. The models can then be used to estimate the tool wear state from measured current signals, and other cutting parameters. Thirtyfive experimental results were used for the development of regression models ( Table 2) . Twenty-one additional tests were conducted to examine the feasibility of using these models to estimate able 4 shows the comparison of the measured and estimated spindle current using Equations (9)- (15) Table 5 .
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The outputs of the inference are still fuzzy values and they need to be defuzzified. Basically defuzzification is a mapping from a space of fuzzy values into that of the non-fuzzy universe. At present there are several strategies that can be used to perform the defuzzification procfuzzy membership of tool Usin r range avoids defining an exact wear value for a certain level of linguistic variable of tool wear. This will also allow an easy knowledge acquisition when developing a set of fuzzy rules for fuzzy inference. Based on the classification of tool wear states, the trapezoidal function is defined as follows [16] . Table 6 .
Constants of fuzzy functions for tool wear condition

Results and Discussion
A total of 55 tool wear cutting tests were conducted under various cutting conditions. 35 samples were randomly picked as learning samples and 21 samples were used as the test samples in the classification phase. The above method is used to estimate the tool wear value. The membership degrees of present tool states under different tool wear classification are calculated which is used by fuzzy inference.
Based on studies, it is suggested that the effects of tool Copyright © 2012 SciRes. MNSMS 
